Divalent metal oxidoarsenates(V) with compositions M(H 2 AsO 4 ) 2 (H 3 AsO 4 ) 2 (M = Mg, Mn, Co, Ni), M(HAsO 4 )(H 3 AsO 4 )(H 2 O) 0.5 (M = Mn, Cd) and Zn(HAsO 4 )(H 3 AsO 4 ) were obtained from solutions containing an excess of arsenic acid. Single crystal X-ray diffraction revealed isotypism of the M(H 2 AsO 4 ) 2 (H 3 AsO 4 ) 2 (M = Mg, Mn, Co, Ni) structures with the known Cu and Zn members of this series whereas M(HAsO 4 )(H 3 AsO 4 )(H 2 O) 0.5 (M = Mn, Cd) and Zn(HAsO 4 )(H 3 AsO 4 ) crystallize in novel structure types. The two isotypic M(HAsO 4 )(H 3 AsO 4 )(H 2 O) 0.5 (M = Mn, Cd) structures are closely related with that of Zn(HAsO 4 )(H 3 AsO 4 ). Both comprise undulating centrosymmetric 1 ∝ [MO 4/2 O 2/1 ] chains that share corners with HAsO 4 2− tetrahedra and H 3 AsO 4 tetrahedra to build up layers extending along (001). Intermediate water molecules (occupancy 0.5) link adjacent layers in the water-containing compound whereas the linkage in the Zn-compound is mediated by weak hydrogen bonding interactions between the layers. Results of a quantitative comparison between all known structures of the M(H 2 XO 4 ) 2 (H 3 XO 4 ) 2 (M = Mg, Mn, Co, Ni, Cu, Zn; X = P, As) series as well as between the two M(HAsO 4 )(H 3 AsO 4 )(H 2 O) 0.5 (M = Mn, Cd) structures are presented.
Introduction
Inorganic phosphates or arsenates of divalent metals with the corresponding free acid as structure units are restricted to a handful of compounds. Most probably, Zn(H 2 PO 4 ) 2 (H 3 PO 4 ) 2 was one of the first of such phases ever reported [1] , however without giving structural details at that time. More than three decades later, the crystal structure of Co(H 2 PO 4 ) 2 (H 3 PO 4 ) 2 was determined, providing full details of the hydrogen bonding scheme in the structure [2] , and later reported as being isotypic with the zinc phase [3] . Approximately at the same time, the first arsenate phase CdH 10 (AsO 4 ) 4 (or Cd(H 2 AsO 4 ) 2 (H 3 AsO 4 ) 2 ) was structurally determined but without localization of H positions [4] , claiming isotypism of the Cd member with structures of the series M(H 2 AsO 4 ) 2 (H 3 AsO 4 ) 2 (M = Mg, Mn, Co, Ni, Cu and Zn). However, the isotypic relationship between CdH 10 (AsO 4 ) 4 and the M(H 2 AsO 4 ) 2 (H 3 AsO 4 ) 2 series was questioned some years later during structure determination of the copper(II) phase Cu(H 2 AsO 4 ) 2 (H 3 AsO 4 ) 2 [5] . Next to the previously reported Zn representative [6] , the two structures are the only members of the M(H 2 AsO 4 ) 2 (H 3 AsO 4 ) 2 series for which detailed structure data, including H atom positions, have been determined so far.
The current study was devoted to crystallize other members of the M(H 2 AsO 4 ) 2 (H 3 AsO 4 ) 2 series (M = Mg, Mn, Co, Ni) to achieve detailed structural data from single crystal X-ray diffraction with the purpose to prove isotypism and to quantify structural relationships between them with the aid of the program compstru [7] . Next to the four M(H 2 AsO 4 ) 2 (H 3 AsO 4 ) 2 (M = Mg, Mn, Co, Ni) members, three other arsenates with additional arsenic acid moieties, viz. M(HAsO 4 )(H 3 AsO 4 )(H 2 O) 0.5 (M = Mn, Cd) and Zn(HAsO 4 )(H 3 AsO 4 ), were obtained during this study for the first time and were structurally characterized by single crystal X-ray diffraction. [2] , Cu(H 2 AsO 4 ) 2 (H 3 AsO 4 ) 2 [5] and Zn(H 2 AsO 4 ) 2 (H 3 AsO 4 ) 2 [6] . Since for all of the latter compounds a detailed structure description has already been given, only the most important features of this structure type are briefly depicted here.
Results and Discussion
The divalent metal cations M are located on an inversion center (Wyckoff position 1a). They are surrounded by six oxygen atoms in the form of a slightly distorted octahedron. Four oxygen atoms (O7, O5 and their symmetry-related counterparts) belong to the O atoms of the H 2 AsO 4 group (As2) and make up the equatorial plane, while the H 3 AsO 4 group (As1) provides two oxygen atoms (O3 and its symmetry-related counterpart) in axial positions with the longest M-O distance in the octahedron ( Figure 1 ; Table 1 ). An intricate network of strong to medium-strong hydrogen bonds (Table 2) connects the chains into layers extending along (010) ( Figure 1 ) whereby all O atoms that do not bond to the M cations carry a hydrogen atom. Hydrogen bonds of remarkable strengths between the layers do not exist. Figure 2 ) and similar lengths of the unit cell axes, with a ≈ 5.0, b ≈ 5.4, c ≈ 13.4 Å. However, the unit cell angles in the two types of structures differ considerably, with all three angles <90 • for the Zn structure and all three angles >90 • in the Mn and Cd structures. Since it is not possible to transform one of the unit cells into a setting that has comparable axes and angles (all >90 • or all <90 • ) to the other unit cell, the given reduced cells (Table 3) with a ≤ b ≤ c and either with all angles >90 • or <90 • were used.
The general set-up within the (001) layers in the two crystal structures is the same. Since Zn has a smaller ionic radius in comparison with Mn and Cd [8] , the Zn-O distances are the shortest in the [10] were applied, and for As V -O bonds the values by Gangé and Hawthorne [11] . Results of the bond valence sum (BVS) calculations are listed in Table 1 and indicate the following atoms as the most probable donor groups, because they have the lowest bond valence sums (≤1.3 valence units) of all oxygen atoms: O1 bonded to As1, and O4, O6 and O8 bonded to As2. All other O atoms have considerably higher bond valence sums between 1.5 and 2.0 valence units.
In analogy with the crystal-chemical features of M(H 2 AsO 4 ) 2 (H 3 AsO 4 ) 2 where the OH groups of the AsO 4 tetrahedra do not bond to the metal cations, all four assigned OH groups are bonded solely to arsenic as part of an AsO 4 tetrahedron and also show the longest As-O bonds in the two types of tetrahedra. Therefore, As1 represents a HAsO 4 − anion and As2 the fully protonated acid, in accordance with charge neutrality of the overall structure. Analysis of the O···O distances around the four OH groups/(disordered) water molecules revealed hydrogen bonds with possible acceptor atoms listed in Table 2 . This includes a very strong hydrogen bond between O4 and O2 with an O···O distance of ≈2.44 Å, and other strong hydrogen bonds between 2.60 and 2.65 Å for D···A contacts. The formation of these hydrogen bonds is also reflected in the BVS values of the acceptor O atoms that do not carry a hydrogen atom themselves. O2 and O5 are considerably undersaturated (BVS between 1.5 and 1.8 valence units) but are the acceptor atoms of the strongest hydrogen bonds ( Figure 3 . The various possibilities for hydrogen bonding in the two types of structures make it seem likely that parts of the hydrogen atoms are disordered and thus could not unambiguously be located in difference Fourier syntheses. 
AsO 4 Tetrahedra in the Sructures
The averaged As-O bond lengths for each AsO 4 tetrahedron in the refined structures are collated in Table 1 . Individual averaged values scatter only slightly (range 1.677 to 1.689 Å), and the overall mean of the 14 independent tetrahedral AsO 4 groups in the seven structures is 1.685 Å, a value in very good agreement with that of 1.687 Å reported in literature [12] . Very recently, a statistical evaluation of As-O bond lengths in AsO 4 Table 4 , the crystal structures of Zn(H 2 AsO 4 ) 2 (H 3 AsO 4 ) 2 and its Mg, Co, and Ni analogues show a very high similarity (∆ < 0.02) due to similar ionic radii of the four metal cations. Except for the Mg member for which data were recorded at −173 • C, all other crystals were measured at room temperature. The minor effect of the temperature on M-O and As-O bond lengths is neglected. Mn with its greater ionic radius leads to a somewhat larger difference (∆ = 0.033). Likewise, substitution of the arsenate groups by smaller phosphate tetrahedra (Co-P) affects the displacements between comparable atomic pairs. Although individual displacement values reach up to 0.17 Å for some O atoms, ∆ amounts to only 0.037 and thus indicates a high similarity of the two structures. The most remarkable change, however, pertains to the Cu member (∆ = 0.112). Here the highest displacement is nearly 0.7 Å for atom O3 that represents the axially bound O atom in the MO 6 octahedron. Due to the Jahn-Teller effect associated with the copper(II) cation, the CuO 6 octahedron distorts under considerable elongation of the axial Cu-O3 bond.
Comparison of the Crystal Structures
The compstru program was also used to check the relationship between the M(H 2 XO 4 ) 2 (H 3 XO 4 ) 2 structure type and the crystal structure of CdH 10 (AsO 4 ) 4 . The latter crystallizes likewise in space group P−1 with one formula unit, has the metal cation situated on an inversion center (Wyckoff position 1a) and exhibits similar lattice parameters, a = 5.69(5), b = 7.42(4), c = 8.60(6) Å, α = 105.17 (12) , β = 95.13 (5) , γ = 91.85(8) • [4] . The evaluation of structural similarity revealed very large displacements between corresponding atomic pairs. For example, the two types of As atoms in the crystal structures have displacements of 1.71 and 1.97 Å, respectively, and for some oxygen atom displacements >2.0 Å were calculated. Hence the crystal structures of CdH 10 (AsO 4 ) 4 and M(H 2 XO 4 ) 2 (H 3 XO 4 ) 2 cannot be considered as isotypic, as already suggested in [5] , but can be regarded as isopointal [15] .
Comparison of the two isotypic M(HAsO 4 )(H 3 AsO 4 )(H 2 O) 0.5 structures again shows a high degree of similarity between them. Notable differences with displacements between 0.1 and 0.2 Å affect atom pairs O5 and O6 of the H 3 AsO 4 tetrahedron, and the water molecule (Table 4 ). 
Materials and Methods

Synthesis and Crystal Growth
The chemicals used (MnCO 3 , CdCO 3 , ZnO, Mg(OH) 2 , CoCO 3 ·xH 2 O, NiCO 3 , H 3 AsO 4 ) were of pro analysi quality. The target compounds were prepared by treating the corresponding metal carbonate, oxide or hydroxide with an excess of concentrated arsenic acid (80 wt %); the employed molar ratio H 3 AsO 4 :metal precursor was ≈10:1. The solid metal precursors were added in small portions to the acid and warmed (ca. 70 • C) until a clear solution was obtained overnight. In case the metal precursor dissolution was incomplete, the suspension was filtered through a G4 glass frit. All solutions were then left at room temperature in a desiccator filled with concentrated sulfuric acid until the first crystals appeared. The crystallization process lasted at least about one week; yields were not determined.
All grown crystals of the M(H 2 AsO 4 ) 2 (H 3 AsO 4 ) 2 (M = Mg, Co, Ni) phases had a plate-like form and were directly taken out of the mother liquor. Cd(HAsO 4 )(H 3 AsO 4 )(H 2 O) 0.5 crystallized in form of thin plates and was the first crystallisation product from the solution. After a few days, these crystals converted in the mother liquor into coarse-crystalline CdH 10 [17] ; platy crystals). The amount of the latter phase increased in the remaining mother liquor over time.
Single Crystal X-ray Diffraction
Since all crystals appeared to be highly hygroscopic, they were immediately immersed in perfluorinated oil (Fomblin®Y, Sigma-Aldrich, Taufkirchen, Germany) and optically preselected under a polarizing microscope. The diffraction studies (Mo Kα radiation; Bruker SMART CCD or APEX-II CCD diffractometer; Bruker-AXS Inc. (Madison, WI, USA) followed standard procedures, including absorption corrections based on a multi-scan approach [18, 19] . All crystal structures were solved with SHELXT [20] and refined with SHELXL Graphical representations of the crystal structures were performed with ATOMS for Windows [22] .
Details of numerical values of the data collections and structure refinements are gathered in Table 3 and Supplementary Materials. Further details of the crystal structure investigations may be obtained from The Cambridge Crystallographic Data Centre (CCDC) on quoting the depository numbers listed at the end of Table 3 . The data can be obtained free of charge via www.ccdc.cam.ac.uk/structures.
Conclusions
The oxidoarsenates(V) M(H 2 AsO 4 ) 2 (H 3 AsO 4 ) 2 (M = Mg, Mn, Co, Ni), M(HAsO 4 )(H 3 AsO 4 )(H 2 O) 0.5 (M = Mn, Cd) and Zn(HAsO 4 )(H 3 AsO 4 ) were crystallized from highly acidic solutions. The results of structure refinements of isotypic M(H 2 XO 4 ) 2 (H 3 XO 4 ) 2 (M = Mg, Mn, Co, Ni; X = As) compounds from single crystal X-ray data supplement the knowledge on this structure type. Quantitative comparisons between all known crystal structures in this series with M = Mg, Mn, Co, Ni, Cu, Zn; X = As; P revealed a high similarity with the exception for the (Cu,As) member. The crystal structure of the latter shows considerable distortions due to the Jahn-Teller effect of Cu(II), leading to a displacement of up to 0.7 Å between related atomic pairs. It was also shown that the isoformular suggest disorder of the hydrogen atoms that could not be located in the present study. Funding: This research received no external funding.
